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Recent Progress of Submicron CMOS Using
6H-SIC for Smart Power Applications

Man Pio Lam and Kevin T. Kornegaysenior Member, IEEE

Abstract—Silicon carbide (SiC) CMOS circuits have been and thus provides the greatest opportunity for reliable circuit
developed recently to provide monoalithic control for SiC MOS  gperation.
power switching devices. Although SiC CMOS is not well suited CMOS and most power MOS transistors (DIMOS and

for high-end microprocessor applications, it must provide the N .
necessary response time performance required for safe operation lateral DMOSFET [4], [5]) in SiC were developed using boron

in high-voltage power switching applications. Despite previous implantation to form a p-well in an n-type SiC epilayer. The
developments in SiC CMOS process technology, which have compatibility of their processes eases integration of the power
enabled digital circuit operation using a 5 V power supply, device and CMOS digital control circuits on the same SiC

circuit switching speeds were in the microsecond range. AN \\afar tq from a smart power IC. Because SiC power switching
obvious way to improve circuit performance is to scale device

lateral and vertical dimensions. This paper describes recent devices operate at high-current and high-power levels, self-
progress in the development of a submicron, single metal, p-well heating is expected to cause device junction temperatures to
CMOS process technology using 6H-SIiC. Conventional NMOS exceed 350C. Therefore, the circuits implmenting the support
b et o e Comvemiona s Slcloncs on a smar paer chip must provie reliabe and
transistors exhibri)t punchthrough at 0.8-mm channel lengths and stable o-peratlon over a.W|de range of temperatlljresl. Because
require considerable channel engineering efforts which are also Of its wide bandgap, SiC NMOS and CMOS circuits have
presented. Several digital logic gates and a ring oscillator have demonstrated stable operation ranging from room temperature
been fabricated with nanosecond gate switching performance. to 300 °C [3], [6].
Performance limiting factors like parasitic series resistance is  gmgyt power technology usually combines detection cir-
also investigated. cuitry together with digital and analog feedback control to
Index Terms—High-temperature, MOSFET's, silicon carbide.  protect the IC from catastrophic failure. CMOS operational
amplifiers and intelligent gate drivers that provide stable op-
eration at elevated temperatures have already been performed
.. on SiC [7], [8]. As a robust smart power system becomes
T HE advantage of complementary technologies is thgare complex, CMOS circuits are required to have higher
availability of current source loads which provide largge tormance and higher density in order to provide the control,

voltage gains with relatively small supply voltages and Cufjiagnostic, and self-protection functions. The response time
rents. Advances in SIiC process technology have led to these circuits is critical to a benign shutdown because

dgvelopment of CMOS circuits. The first complementary d?ﬁe power load current will increase very abruptly during

vice technology using §H'S'C enhqncement-mgde MOSFETaﬁ over-current or over-voltage fault. For medium-frequency
de_monstrated a functional operational amplifier with a I:)(a;pplications such as adjustable speed motor drives, turn-off
gain of about 16 (80 db) [1]. However, the threshold voltaget- es of power device range from 0.1 to %8 [9]. The turn-

for the p-channel devices fabricated in an implanted n-w time of SiC power switching device in the range of 0.1

}Nas around-—17 \f Thﬁ high :]hrﬁshol_d voltagsblrequ.itrﬁsthas has already been demonstrated in [10]. As the high-speed
arge power supply voltageé which 1S incompatible wi peration of power devices is required, the protection of the

conventional CMOS digital logic. Recently, an implante stem can only be accomplished by utilizing suitably fast

p-well CMOS process has been successiully developed control circuits to provide the necessary response. However,

fabricate digital circuits using a lower supply voltage [2]. Th%é;rrent CMOS digital logic circuits can only operate with a

?nrgshé) k\j/ Vg;a%itf.oglthﬁn'\l['\é']otsh:gd tixgiedrﬁgl:setfa\t,(\;eggate delay per stage of 44& with a VDD of 5 V, and 0.45
CMO_S Io’ ic c?rcuig oy'eratin ’ on al:') V bower suool Thl s for a VDD of 20 V. With this technology, even a single
9 P 9 P PRIy .H'nverter stage is incapable of turning off a power system in a
lower supply voltage reduces the stress on the thermal oxige, . . . . . . . .
rapid response time. Scaling of device dimensions is the main
force of increasing circuit speeds. This critical issue has led to

_ _ _ the development of a submicron CMOS technology in 6H-SIC
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fabricated in the 0.5:m region. The NMOS transistors in the 07 e
p-well are conventional while the PMOS transistors require
a channel implant to suppress source-drain punchthrough.
Device electrical characteristics are measured and discussed.
Digital logic circuits have been implemented and show a
significant improvement over those described in earlier works

[3].

Il. DEVICE FABRICATION

Concentration (cm™)

CMOS devices are fabricated on a Lot thick,ylightly B: 25 keV / 6.0012 em™2 AN
doped n-type 6H-SiC epilayer with doping &fx 10> cm~3 0 60keV/18e13 em™ N
grown on a heavily doped*hsubstrate. Boron is implanted at N: 260 keV /6.0¢12 cm
650°C using a Ti/Au mask to form a &m deep retrograde p- el
well in the n-epilayer. The profile is obtained using a multiple Implant depth (&)
implantation with energy/dose rates of 20 keV/4.5 e 12¢m
45 keV/7.5 e 12 cm2. 85 keV/1.1 e 13 cmZ2. 140 keV/1.7 Fig. 1. A simulated implant profile in the p-channel region used as the

: ) : ! : hthrough st d threshold adjustment.
e 13 cnr2, 230 keV/3.0 e 13 cm?, and 380 keV/1.8 e 14 PN oudn siopperand freshoid adjusimen

cm~2, The wafer is then selectively implanted with nitrogen fter imol L ificial oxide | d
(40 keV/2.5 e 15 cm?, 90 keV/3.0 e 15 cm?, and 160 After implant activation, a sacrificial oxide is grown an

keV/5.0 e 15 cm?) and aluminum (45 keV/2.2 e 14 cth, 90 then stripped to remove the damage on the surface created by

keV/3.4 e 14 cm2, 160 keV/5.4 e 14 cm?, and 270 keV/1.1 e _the implant anneal. The gate oxide is grown at 136Gor 1 h

15 ¢ 2) to form 0.25- and 0.3:m deep source-drain regions'f‘ wet O, and subsequently annealed in Ar for 30 min. A 5000

for the NMOS and the PMOS transistors, respectively. The g thick polysilicon layer is deposited by LPCVD and then

and it regions are also used as channel stops for devicesd@Ped to p-type by boron spin-on-diffusion. The polysilicon
opposite polarity. All implanted ions are activated at 1580 gate and the first Interconnect layer are doefmed using a SF6
for 40 min in an Ar ambient plasma etch. A 408\ thick Al layer and a 20QA thick Ni layer

The implant masks for submicron gate lengths are Obtaing&rzzii)oonssiter(isbgeli:f:i-\?gyprzﬁii)snigctgr:rgoglts;;zOar': gg;z?

by a combination of optical and electron beam lithography.
y P drap g min in a RTA system. The wafer is then covered by plasma

Scaling MOSFET gate dimensions is the most obvious wayto "' o o , ) ;
achieve higher performance. To this end, the device chan gposned silicon nitride as an interlayer dielectric. A contact

is defined by e-beam lithography while the remaining Ieve‘}f)Ie etch is perfor_med using a buffered oxide etch tp prowde
are patterned by optical projection. Previously [3], the overld cess tp the device contacts. To comp_lete the fabr_lcatlon, Al
between the poly- silicon gate and the source/drain was edeposned and patterned to form the interconnection.
primary cause of the slow circuit speeds. In this process, the
overlap is significantly reduced by accurate alignment via the
e-beam lithography system. o
The PMOS transistors are fabricated in the very lightf}- MOSFET Characteristics
doped n-epilayer. A MEDICI simulation has revealed that High frequency photo-CV measurements at room tempera-
punchthrough occurs when the p-channel gate length is scalet were performed on the MOS capacitors using an HP-4274
to less than 0.&:m. To suppress the punchthrough current,CR bridge as described in [14]. The gate voltage was
simply increasing the substrate doping level is not appropriaeept back and forth from accumulation to deep depletion
because this will increase the threshold voltage and prodiunealarkness except that the light was turned on at a bias point
undesirable body effect. These undesirable effects can ibedeep depletion to generate photo-carriers. The gate oxide
eliminated using a deep nitrogen implant in the punchthrougfickness obtained is 27R. The interface state densities and
region. In addition, boron is implanted in the surface tbxed charge densities calculated from the hook and ledge in
adjust the threshold voltage. The resulting implant profile the C'—V curve measured on n-epilayer are in the range of
shown in Fig. 1. For a 0.8 PMOS, a substrate doping of1.14.2 x 10*! eV~ cm~2 and 1.03.0 x 10*2 cm~2, respec-
5 x 10*% cm—2 would be sufficient to prevent punchthroughtively. Photo-CV measurements of MOS capacitors fabricated
However, for 0.5em and smaller devices, a higher substraten the p-well show a frequency dependence from 400 to 100
doping is necessary and this may affect the threshold voltdgdz. This is caused by the highly resistive B- implanted p-
for long-channel devices. The high-dose implant will alswell. To take the series resistance into account, a quasi-static
contribute to the body effect. The test wafer contains PMOSV technique was used to extract the p-well doping. The
transistors of different channel lengths and a high implant dosquivalent frequency for the measurement is 0.25 Hz. The
for nitrogen was chosen to suppress the punchthrough for fhestanneal doping concentration is abaw x 1017 cm~3,
smallest device. An optimized implant profile is required tahich corresponds to an activation rate of 13%.
trade-off the threshold voltage, punchthrough and body effectTLM structures were used to measure the sheet resistance of
to fabricate PMOS transistors of varying sizes. the heavily doped N and Al regions. Alloyed contacts to both

I1l. EXPERIMENTAL RESULTS



548 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 46, NO. 3, MARCH 1999

2000 e e is obtained. Parasitic resistances and effective channel lengths
22°C, W=50um, L=0.5um ] are extracted using the techniques described in [11], [12]. The
= device parasitic source-drain resistanBgp, is 8.4 x 103 Q-
pm andAL(= Lyyawn — Lest) is 0.26 yum. The subthreshold
characteristics for different channel lengths are shown in Fig. 3
where subthreshold slopes of 205 mV/decade are obtained for
long-channel devices. The channel mobility, extracted from
Lgrawn = 5- and 10- zm devices by subtracting their total
resistanceRr = Vp/Ip measured afips = 50 mV, is
8.0-10.5 crA/V-s at room temperature.
Fig. 4(a) shows thel—V characteristic of anLgrawn =
‘ — — 0.8 um PMOSFET which does not have the anti-punchthrough
0 1 2 3 4 5 implant in the channel. The leakage current at a low gate
Drain Voltage (V) voltage and high drain bias indicates that punchthrough occurs
Fig. 2. I-V characteristic of a NMOSFET with 0/5m channel length at ?S the SUb-Sl.Jrface (.:urrent spreads into the substrate render-
room temperature. ing the gate ineffective. The threshold voltage and saturated
transconductance for this device-gt.2 V and 0.32 mS/mm.
Rsp and AL is extracted to b&.5 x 10° Q-um and 0.28:m,

1500 ﬁ

1000 -

Drain Current (uA)

500 }

10% respectively. The 0.3sm device displays adequate saturation
—_ characteristics while the 0/bm device displays resistance-
< like behavior, showing negligible gate control, as shown in
= 107 Fig. 4(b). The subthreshold currents for PMOS transistors
g S=205mV/dec. with various channel lengths shown in Fig. 5 indicate a poor
S 109 ] subthreshold slope for the 0;8n device. The complete cutoff
- :f“zrzm E of the drain-to-source conduction for the Q.6 device cannot
‘T ——0.8um | be achieved due to the punchthrough. The mobility measured
a 10" —o—0.5um | from long-channel devices is 4.7 ém-s.
] To suppress punchthrough, the substrate doping is increased
107 . oA by a very shallow nitrogen implant using the profile shown
A 0 1 2 3 4 5 in Fig. 1. In this implantation, a high boron dose is used
Gate Voltage (V) with its low activation rate taken into account to reduce the

threshold voltage. The threshold adjustment was targeted at
%hifting the threshold 3 V toward zero. However, part of the
implanted layer was removed during oxidation and this reduc-
tion could only be approximated. Relatively decent saturation
nt and p* regions are ohmic at room temperature. THere-  characteristics are obtained for the 0.8- and @%PMOS as
gion has a sheet resistivity,, and specific contact resistivity, shown in Fig. 6. The subthreshold slopes are also improved for
pe, 0f 3.1 kW/sq and..65 x 10~* Q cnv, respectively. The,  the short-channel devices in Fig. 7. The implanted p-channel
and . for the p* regions is 67 R/sq and6.7 x 107% Q-cn?,  surface is p-type but thé—V characteristics indicate that the
respectively. The sheet resistivities of rand p" layers are device is a normally-off or enhancement mode device. This
higher than the typical values reported in the literature [15jveals that the p-type surface is depleted at a zero gate bias.
[16]. The high sheet resistance arises from the thin implant®ée mobility for the long-channel device is about 2.0%¢hs.
layer used to form the source and drain for the short-channelt should be noted that the threshold voltage decreases with
device. A thickness of about 0.25-0i3n was targeted but the channel length due to the short-channel effect. Fig. 8 shows
because the oxidation rate on the heavily doped region is tty@ threshold voltage roll-off characteristics for NMOS and
to three times higher than that on the epilayer, a significalARMOS transistors. Th&r difference from long-channel to
portion of the heavily doped implanted layer was consumethort-channel devices varies from 1.4 to 1.65 V. The deep
which caused the sheet resistance to increase. nitrogen implant in the p-channel has increased the threshold
The device characteristics for a G/ NMOS transistor voltage by 1.5 V for long-channel devices. The boron dose for
is shown in Fig. 2. The saturated transconductance is 2@ threshold adjust implant can be increased to shift threshold
mS/mm and the threshold voltage extrapolated from the linegpltages to a more desirable value.
region of the I;—V, curve is 1.2 V. This device shows
little saturation in drain current because of channel length
modulation and drain-induced barrier lowering (DIBL). Thé- Circuit Results
14—V, curve shows a shift of 0.95 V in threshold voltage Results of CMOS digital circuits using the single metal
as the drain bias is changed from 50 mV to 5 V. For process are described in this section. Fig. 9(a) shows the
0.8-um device, the corresponding threshold voltage shift iaverter transfer characteristics for supply voltages ranging
only 0.3 V and the saturation characteristic in drain curreffrom 2 to 9 V. The PMOS channel is 3gm wide and

Fig. 3. Subthreshold characteristics of NMOS transistors with various ch
nel lengths.



LAM AND KORNEGAY: RECENT PROGRESS OF SUBMICRON CMOS USING 6H-SiC 549

100 ———————— e | -200

i r T " i T B T i T T T T T
22°C, W=50um, L=0.8um Yes = 10V - | 22°C, W=50um, L=0.5um Vg =-9V ]

g T 50|
g 8 g -150 -
5 ] 5 -100 I
O -40 [&]
c i £
g 8 o
o a -

0 L O L L | P L L | L L \

0 -2 -4 -6 -8 -10 0.0 2.0 -4.0 -6.0 -8.0 -10.0
Drain Voltage (V) Drain Voltage (V)
() (b)

Fig. 4. Shown are thé -V characteristics of (a) 0.8m and (b) 0.5em PMOS transistors without punchthrough stopper at room temperature.

T 1 transfer characteristic is asymmetric and has a very low value
F 22°C, V__=-100mV, W = 50um of N Mj,. For desirable equal noise margins, the gate-threshold
100 oS e voltage should be adjusted to approximately Ralf, and this
< 107 £ can be achieved by increasing the ratio of widths of the NMOS
Tt : transistor to PMOS transistor.
g 10° Fig. 9 indicates that the maximum drain current occurs
8 10° i during switching, as expected. However, when the output of
c the inverter is driven to 0 V with an input high, the PMOS
‘® 107 ¢ source/drain will enter punchthrough, which causes a large
o i drain current to flow between the supply voltage and ground.
107 ¢ Having circuits that consumed DC current is not desirable. The
1012 Lis e et Pree T ects L . DC current can be eliminated by employing PMOS transistors
o 1 -2 -3 -4 -5 -6 -7 -8 with the anti-punchthrough implant.
Gate Voltage (V) Eleven-stage ring oscillators comprised of serially cascaded

Fig. 5. Subthreshold characteristics of PMOS transistors Withol*th“/e.rt(_:‘rs havmg the .Same Size as t.he inverter in Fig. 9 were
punchthrough stopper. abricated to determine the operation speed. The output of

the ring oscillator is buffered with a large NMOS push-pull

0.8 um long-while the NMOS channel is 1pm wide and Puffer W./L, = 240/0.8 um) to drive an output load
0.8 um long. All PMOS devices in circuits do not havet@Pacitance of 10 pF. Output waveforms at supply voltages
the anti-punchthrough implant. For normal CMOS operatioff| 2 @nd 10 V are shown in Fig. 10(a). The output voltage is
both PMOS and NMOS operate in enhancement mode difgited 'Fo a small amplltud_e d_ue to the_addmonal loading of
the sum of the magnitudes of threshold voltages for both€ oscilloscope probe which is approximately 1:M
transistors is less than or equal to the supply voltage. When! he Supply voltage dependence on the oscillation frequency
the sum is greater than the power supply, both NMOS affi shown in Fig. 10(b). In [3], the overlap capacitance was
PMOS transistors cannot be turned on at the same time 4f8 Primary reason for slow circuit speeds. To determine the
the inverter will show a schmitt-trigger like hysteresis irnfluence of overlap on the circuit performance, transistors
the transfer curve. This behavior had been reported for Sygdth 0.8- and 3xm gate and source/drain overlaps are con-
CMOS digital circuits before in [3]. The same hysteresis jfggured to form two different ring oscillators for comparison.
also observed in this process for the 3- angrs-CMOS The results indicate that there is a weak dependence on the
operating on a 5 V power supply. For the Q.8 PMOS, it Overlap capacitance and the degradation is less than 43% at
will operate in the punchthrough regime and its subthreshdi@e high-frequency end. In this CMOS process, the dominant
drain current will increase rapidly with the drain bias evefomponent that greatly affects the dynamic performance is the
though |Vs| is at a low value. The subthreshold current igxcessive p-type polysilicon interconnection which provides
the inverter is sufficient to drive the output load to high a large capacitance at the output of each stage. According to
a very small power supply. It is noted that there is littléispice simulations, in which transistor models corresponding
hysteresis in the transfer curve at various supply voltages. Thghe 0.8xm NMOS and PMOS were used, a load capacitance
high subthreshold current also produces a very gradual chafebout 1 pF in each stage will yield an oscillation frequency
from hi-to-lo transitions. At &pp of 5 V, the noise margins matching the measured results. The maximum oscillation
measured at the unit gain points of the voltage transfer cufrequency obtained is about 1.43 MHz at 10 V, corresponding
are 0.3 V forNM;, and 2.5 V forN My, respectively. The to a 31 ns gate delay per inverter stage. Compared to the
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Fig. 6. Shown are thé -V characteristics of (a) an 0;8m and (b) an 0.5:m PMOS transistors with punchthrough stopper at room temperature.
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Fig. 7. Subthreshold characteristics of PMOS transistors with punchthroulgig. 8. Threshold voltage rolloff versus the channel length for NMOS and
stopper. PMOS transistors at room temperature.
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circuit speeds reported in [3], digital circuits implemented with

this 0.8um features exhibit considerably better performance. 8
Various logic gates have also been fabricated. Fig. 11 shows ~
the schematics and waveforms for an EXNOR/EXOR gate <
measured at room temperature. It should be noted that the &
EXNOR/EXOR gate has fast rise and fall times. This is
because the circuit employs cross-coupled PMOS transistors
which form a differential latching circuit while the logic is
performed by complementary NMOS arrays. This scheme
is used to provide gain and increase the switching speedd 2
of the circuit. Since the SiC PMOS transistors have poor
driving capability due to the parasitic resistance and low

@

utput Volta
N

channel mobility, circuit techniques which are NMOS rich are 0! ,
required to provide significantly better performance compared 0 1 2 3 4 5 6 7
to conventional static CMOS. Input Voltage (V)

Fig. 9. \oltage transfer curves of an inverter with, /L, = 30/0.8 pm
C. Parasitc Series Resistance Effect oo S o e o e 2 g Thesupply
The sheet resistance and contact resistancetfamnd espe-
cially, pT source/drain are consid- erably high in SiC. As thehannel lengths are maximized.
channel length becomes shorter, the parasitic S/D resistanc&€he peak transconductance in the saturated regiqu.y)
becomes a significant portion of the total device resistan@.|Vps| = 5 V for both NMOS and PMOS transistors are
The impact of this series resistance must be accounted fomiotted in Fig. 12 as a function of effective channel lengths.

the device design so that the benefits of scaling of the devielgy. 12(a) includes the transconductance of LDD-type NMOS
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Fig. 10. (a) Output waveforms of an 11-stage ring oscillator operatirigyat = 10 V and V|5, = 2 V. The size of each inverter stage is the same as
that of the inverter in Fig. 9. (b) Measured oscillation frequency and delay per stage of the ring oscillator versus supply voltage. The:symbia (
figure is for the oscillation frequency of the /Gn CMOS ring oscillator fabricated in [3].

devices, which were fabricated by adding one more masésistance on the scaling of channel length.

level for the n~ implant. The key parameters for the LDD The solid lines in Fig. 12 are power law fits of the measured
NMOS are presented in Table I. The megion between the data, which are presented as symbols. Note that there is
channel and the source/drain is about Q8. This region is no limitation for the NMOS transconductance to increase as
used to lower the peak electric field at the drain and body.g is scaled into the 0.m regime. The transconductance
junction, thus reduce the depletion width into the channel anfl LDD NMOS shows a weaker dependence than for the
allow a higher bias to be applied at the drain with less shodenventional NMOS transistor at room temperature. As the
channel effects. Short-channel devices with this structure haseries resistance decreases at 300 its degradation effect
shown better saturation characteristics. However, the LD@h the transconductance is reduced and the power coefficient
region will introduce a high series resistance into the devideecomes approachingl.

In this discussion, we are interested in the effect of its parasiticFor PMOS transistors, the increase of transconductance with
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Fig. 11. Schematic and output waveforms for an XOR/XNOR gate With) = 5 V.

L.g at room temperature is retarded by the parasitic series TABLE |

resistance. As the temperature is increased to°8Cthe p~ KEv PARAMETERS FORLDD NMOSFET
sheet resistivity and specific contact resistivity are significantly Parameter
reduced to 4.2 R/sg. and3.3 x 10~3; Q-cm?, respectively. i
The relation ofg,,(.a;y and Leg has changed fromvL 91 Gate oxide thickness 260 A
to ~L=%52 accordingly. Compared to the NMOS, PMOS  p-epilayer doping 2 1x107 em?
transistors show a very slow increase g@f..;) with scaled
Lepr.

For NMOS transistors, the scaling of channel length is a N+ sheet resistivity 2.7 kQsq. 1.36 k€/sq.
very effective way to improve the current driving capability N- sheet resistivity 13.8 kQ/sq. 6.7 kQ/sq.
because the source/drain parasitic resistance is lower than they;ngel mobitity
channel resistance. As the n-channel mobility continues to be
improved by oxidation processes [13], the channel resistance’! = Farawn - Leir)
will be reduced and the dependencelafy on g,,, sty Will

change. Whether the transconductance will increase/ag attractive than the diffusion sheet resistance because there is
with the improvement of the channel mobility is still an opefo carrier freeze-out problem of Al at room temperature. As
question. the sheet resistance is lowered, the source and drain series
For PMOS transistors, the source/drain series resistangsistance can only be benefited by the improvement of contact
is the dominant component and driving current can only kfiaterials on the P region.
increased by reducing parasitic series resistance. This can be
seen from the increase of the power coefficientig at a high
temperature as the series resistance is significantly reducedn conclusion, this work demonstrated that CMOS devices
One possible solution is to reduce the spacing between thed digital circuits in 6H-SIC have been fabricated using
contact and channel by the formation of a self-aligned silicidgate lengths in submicron regime, with effective punchthrough
(or salicide). The silicide sheet resistance would be mocentrol. NMOS transistors have shown increased driving ca-

22°C 300°C

long channel NMOS V¢ 4.1V 28V

10.5 cm?/V-s 14.9 cm?/V-s

0.10 pm 0.15 um

IV. SUMMARY AND CONCLUSIONS
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Fig. 12. (a) Measured peak saturated transconductance versus effective channel length for (a) NMOS transistors and (b) PMOS transistors at room
temperature and 300C.
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